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ABSTRACT.  Spectroscopic  ellipsometry  is  demonstrated  to  be  an  effective  technique  for  assessing  the 
quality  of  plasmonic  resonances  within  aluminum  nanostructures  deposited  with  multiple  techniques. 
The  resonance  quality  of  nanoplasmonic  aluminum  arrays  is  shown  to  be  strongly  dependent  on  the 
method  of  aluminum  deposition.  Three-layer  metal-dielectric-metal  nanopillar  arrays  were  fabricated  in 
a  complementary  metal-oxide  semiconductor  (CMOS)  facility,  with  the  arrays  of  nanopillars  separated 
from  a  continuous  metal  underlayer  by  a  thin  dielectric  spacer,  to  provide  optimum  field  enhancement. 
Nanostructures  patterned  in  optimized  aluminum,  which  had  been  deposited  with  a  high  temperature 
sputtering  process  followed  by  chemical  mechanical  planarization,  display  different  resonance  and 
depolarization  behavior  than  nanostructures  deposited  by  the  more  conventional  evaporation  process. 
Full  plasmonic  band  diagrams  are  mapped  over  a  wide  range  of  incidence  angles  and  wavelengths  using 
spectroscopic  ellipsometry,  and  compared  for  aluminum  nanostructures  fabricated  with  two  methods. 
The  resonators  fabricated  from  optimized  aluminum  exhibit  a  narrower  bandwidth  of  both  plasmonic 
resonance  and  depolarization  parameters,  indicating  a  higher  quality  resonance  due  to  a  stronger 
localization  of  the  electric  field.  The  optimized  wafer-scale  aluminum  plasmonics  fabrication  should 
provide  a  pathway  towards  better  quality  devices  for  sensing  and  light  detection  in  the  ultraviolet  and 
blue  parts  of  the  spectrum. 

Distribution  A:  Public  Release.  The  Lincoln  Laboratory  portion  of  this  work  was  sponsored  by  Assistant  Secretary  of 
Defense  for  Research  &  Engineering  under  Air  Force  Contract  #FA8721-05-C-0002.  Opinions,  interpretations,  conclusions 
and  recommendations  are  those  of  the  authors,  and  do  not  necessarily  represent  the  view  of  the  United  States  Government. 


INTRODUCTION 


The  use  of  aluminum  metal  for  ultraviolet  plasmonics  was  first  proposed  almost  30  years  ago.1 
Because  the  plasma  frequency  of  aluminum  is  at  significantly  higher  energies  than  that  of  gold  or  silver, 
aluminum  holds  promise  for  UV  sensing  and  light  harvesting  applications,  with  potential  for  enhanced 
linewidth  narrowing,  when  compared  with  traditional  plasmonic  metals.2  However,  due  to  perceived 
deficiencies  in  the  plasmonic  response  of  aluminum  via  oxide  formation  and  small  grain  sizes, 
aluminum  plasmonics  has  only  recently  received  significant  attention.  The  recent  resurgence  of  interest 
in  aluminum  plasmonics  can  be  attributed  to  advances  in  deposition  techniques,  nanofabrication 
capabilities,  and  improvement  in  material  quality.  '  Applications  of  aluminum  plasmonics  are  being 
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pursued  for  energy  harvesting  and  super  absorbers,  '  sensing,'  '  photodetection,  ’  '  structural 
color,  ’  '  holography'  and  nanoantennae  design.  '  Nevertheless,  a  robust  underpinning  of 
fabrication  procedures,  supported  by  advanced  metrology,  is  still  lacking  and  severely  hinders  the 
practical  implementation  of  aluminum  plasmonics. 

Unlike  plasmonic  devices  based  on  coinage  metals,  such  as  gold  and  silver,  which  are  effectively 
banned  from  silicon  semiconductor  fabrication  facilities,  aluminum  plasmonics  can  benefit  from  the 
vast  infrastructure  of  complementary  metal-oxide  semiconductor  (CMOS)  technology  that  is  used  for 
the  fabrication  of  most  of  today’s  semiconductor  chips.  While  a  number  of  promising  applications  for 
aluminum  plasmonics  have  been  demonstrated,  these  studies  have  not  taken  advantage  of  wafer-scale 
plasmonic  platforms,  leveraging  the  compatibility  of  aluminum  with  CMOS  infrastructure.  Here,  we 
demonstrate  fully  scalable  aluminum  plasmonics  nanoresonator  fabrication  that  utilizes  the  processing 
capabilities  of  semiconductor  manufacturing,  including  sputtering,  chemical  mechanical  polishing, 
atomic  layer  deposition  and  reactively-assisted  ion  etching.  The  design  is  based  on  metal-dielectric- 
metal  multilayer  structures,  proposed  for  strong  coupling  of  localized  and  propagating  plasmon  modes.41 
We  show  that  aluminum  nanostructures  fabricated  with  an  optimized  aluminum  process,  based  on  high- 
temperature  sputtering  and  planarization,  have  superior  plasmonic  properties  when  compared  to  the 
nanostructures  produced  by  conventional  evaporation. 
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Recently,  spectroscopic  Mueller-matrix  ellipsometry  has  emerged  as  a  powerful  diagnostic  for 
mapping  of  localized  and  propagating  plasmon  modes,  as  well  as  for  characterization  of  fishnet 
metamaterials.42'44  As  compared  to  polarized  reflectance  measurements,  ellipsometry  offers  several 
advantages:  a)  measurements  are  highly  accurate  due  to  self-referencing;  b)  phase  information  in 
addition  to  amplitude  information  is  obtained  and  c)  full  polarimetry  data  are  readily  obtained  through 
Mueller  matrix  measurements.  In  this  work,  through  the  use  of  Mueller-matrix  spectroscopic 
ellipsometry,  we  obtain  a  full  plasmonic  band  diagram  for  the  nanostructures.  Furthermore,  through  the 
measurement  of  the  ellipsometric  depolarization  parameter,  we  demonstrate  a  powerful  connection 
between  near-field  plasmon  localization  and  far-field  light  scattering. 

RESULTS  AND  DISCUSSION 

Nanoplasmonic  resonator  design 

For  the  nanostructure  design,  we  have  chosen  a  three-layer  periodic  array  of  aluminum  nanopillars 


spaced  by  a  thin  dielectric  layer  from  a  metallic  mirror  underlayer  ( 


Nanometers  Wavelength  (nm) 

Figure  1A).18,  41’  45’  46  Coupling  light  into  such  structures  excites  both  localized  and  propagating 
plasmon  modes.  Through  the  interference  of  these  modes,  perfect  absorption  and  accompanying  high 
local  field  intensities  are  expected  at  resonance  wavelengths.  Thus,  such  structures  are  useful  for  both 
sensing  applications  and  for  the  fundamental  study  of  photon  coupling  into  plasmonic  modes. 
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We  have  modeled  the  three-layer  nanoplasmonic  array  with  full-field  electromagnetic  simulations  ( 


Nanometers  Wavelength  (nm> 


Figure  1).  The  two  main  modes  are  observed  for  normal  incidence  reflectance  where  the  array 
pitch  is  250  nm  and  the  spacer  layer  thickness  is  kept  constant  at  20  nm  ( 


Nanometers  Wavelength  (nm) 

Figure  1C).  First,  there  is  a  localized  surface  plasmon  (LSP)  resonance  in  the  visible  part  of  the 
spectrum  for  pillar  diameters  around  100  nm,  which  shifts  to  the  ultraviolet  (UV)  part  of  the  spectrum 
for  pillar  diameters  below  50  nm.  Secondly,  a  propagating  surface  plasmon  polariton  (SPP)  mode  occurs 
near  250  nm,  which  is  independent  of  pillar  diameter.  Additional  weaker  modes  are  observed  between 
the  wavelengths  of  250  and  350  nm,  and  these  will  be  discussed  below.  For  an  optimized  pillar-array 
with  a  45-nm  diameter  and  90-nm  spacing,  the  LSP  resonance  occurs  in  the  UY  at  300  nm.  A  field 
intensity  profile  for  such  a  structure  is  shown  in 


Nanometers  Wavelength  (nm) 
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Figure  IB  as  a  cross-section  through  the  center  of  the  pillar.  Large  electric  field  enhancement  is 


evident  in  the  bottom  comers  of  aluminum  pillars  adjacent  to  the  dielectric  spacer,  with  maximum  field 
intensity  exceeding  103,  as  compared  to  the  incident  field. 


Nanometers  Wavelength  (nm) 

Figure  1  A.  Periodic  array  of  plasmonic  nanostructures  separated  from  a  metal  backplane  by  a  thin 
dielectgric  spacer.  B.  Full-field  simulation  of  a  structure  cross-section,  showing  electric  field  intensity 
distribution.  C.  Predicted  normal  incidence  reflectance  as  a  function  of  nanostructure  diameter  and 
wavelength.  For  these  simulations,  optical  constants  for  conventional  evaporated  aluminum  are  used.4 

Wafer  scale  fabrication 


To  access  UV  resonances  in  the  nanoplasmonic  structures,  individual  post  diameters  below  50  nm  are 


Nanometers  Wavelength  (nm) 


Figure  IB  &  C).  Such  feature  sizes  can  be  readily  fabricated  in  current  semiconductor  fabrication 
facilities.  Previously,  we  have  shown  that  the  grain  structure  of  conventional  electron-beam  evaporated 
aluminum  films  is  on  the  length  scale  of  the  size  of  these  resonators,4  Due  to  preferential  etching  along 
metal  grain  boundaries,  nanoscale  structures  with  feature  sizes  below  50  nm  and  such  fine  grain 
structure  are  incompatible  with  high  fidelity  lithography  and  pattern  transfer.  To  address  the  inadequacy 
of  conventional  room-temperature  evaporation,  we  developed  a  wafer-scale  aluminum  deposition 
process,  comprising  high-temperature  sputtering  followed  by  chemical  mechanical  polishing  (CMP)  that 
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resulted  in  micron  sized  grains  with  sub-nm  surface  roughness.  We  also  demonstrated  that  these  films 
have  a  plasmonic  figure-of-merit  over  three  times  higher  than  evaporated  films  throughout  the  visible 
and  near-ultraviolet  spectrum.4 

In  this  work,  we  fabricated  identical  sets  of  nanopillar  arrays  on  two  separate  wafers.  The  only 
difference  between  the  two  samples  was  the  type  of  aluminum  used:  the  first  set  of  nanopillars  was 
fabricated  using  aluminum  deposited  by  high-temperature-sputtering/CMP,  while  the  second  set  of 
nanopillars  was  fabricated  using  aluminum  deposited  by  electron  beam  evaporation.  To  ensure  that  the 
conventional  evaporated  aluminum  structures  survived  the  fabrication  steps,  the  diameter  of  the 
nanopillars  was  set  at  75  nm,  as  defined  using  electron  beam  lithography.  Hereafter,  we  refer  to  the  first 
sample  of  aluminum  arrays  as  “sputtered”  and  the  second  sample  as  “evaporated.”  For  both  samples,  the 
pitch  of  the  arrays  was  250  nm,  and  the  area  of  the  arrays  was  9  mm".  Cross-sectional  diagram  of  the 
fabricated  unit  cell  is  shown  in  Figure  2.  For  both  samples,  the  aluminum  backplane  is  fabricated  with  a 
conventional  unoptimized  room-temperature  sputtering  process. 

The  detailed  fabrication  process  flow  is  described  in  the  Methods  section.  In  brief,  a  20  nm  thick 
titanium  nitride  layer  was  deposited  between  the  top  aluminum  layer  and  the  electron  beam  resist  to 
protect  the  underlying  aluminum  during  resist  development.  After  lithography,  the  nanocone  features 
were  reactively-ion  etched  with  a  CI2/BCI3  mixture.  Due  to  the  dry  etch  used  during  patterning,  the 
resultant  structures  had  slightly  tapered  sidewalls,  leading  to  a  cone-shape  rather  than  vertical  pillars 
(Figure  2,  Figure  3 A) 


Figure  2.  Cross-sectional  diagram  of  a  unit  cell  of  a  fabricated  nanocone  array. 
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Cross-sectional  scanning  electron  microscope  images  of  the  sputtered  sample  are  shown  in 
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Figure  3A.  The  top  of  the  nanopillars  corresponds  to  the  feature  size  defined  by  electron  beam 
lithography,  around  75  nm.  The  remainder  of  the  hydrogen  silsesquioxane  (FISQ)  electron  beam  resist 
layer  and  the  titanium  nitride  layer  is  visible  as  a  rounded  protrusion  near  the  top  of  the  nanocone.  The 
top-down  SEMs  show  that  the  evaporated  cone  array  ( 
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Figure  3B)  has  a  higher  density  of  defects,  residue  and  some  cone  asymmetry  as  compared  to  the 


Figure  3C),  most  likely  resulting  from  preferential  etching  along  the  large  number  of  grain  boundaries 
present  in  evaporated  aluminum  metal.4 


Figure  3.  A.  Scanning  electron  micrograph  (SEM)  cross-section  of  sputtered  aluminum  nanocone 
samples.  B.  Top-down  SEM  of  evaporated  aluminum  sample.  C.  Top-down  SEM  of  sputtered 
aluminum  sample. 

Optical  Characterization 
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The  subtle  differences  in  geometry  and  array  quality  between  the  sputtered  and  the  evaporated 


nanostructures  ( 

Figure  3)  lead  to  large  differences  in  optical  response.  The  normal  reflectance  spectra  from  the  two 
arrays  (Figure  4)  show  two  major  dips:  a  deep  resonance  in  the  visible  part  of  the  spectrum  that  appears 
at  610  nm  for  the  sputtered  sample  and  at  500  mn  for  the  evaporated  samples  and  multiple  dips  below 
300  nm  for  both  samples.  The  shoulders  in  both  spectra  near  825  nm  are  caused  by  (200)  bulk  A1 
interband  transitions.4  The  maximum  reflectance  level  between  the  two  dips  near  400  nm  reaches  70% 
in  the  sputtered  sample,  but  only  55%  in  the  evaporated  sample,  indicating  the  presence  of  an  additional 
absorption  mechanisms  in  that  region.  These  differences  in  optical  signature  are  due  to  both  the 
difference  in  material  properties  of  the  nanocones  as  well  as  changes  in  the  cone  dimensions  and  aspect 
ratio,  as  shown  below.  In  order  to  properly  interpret  the  optical  response  of  our  nanostructured  arrays, 
we  extracted  average  array  dimensions  using  spectroscopic  ellipsometric  scatterometry.47  In  this 
technique,  experimentally  obtained  ellipsometric  data  are  matched  against  a  computationally-generated 
library  of  ellipsometric  signatures  for  a  number  of  variations  of  dimensional  parameters.  (Details  of  the 
extraction  procedure  are  given  in  the  Supporting  Information).  Three  parameters  were  varied  to  obtain 
agreement  with  the  experimental  data:  height  of  the  cones,  base  dimension  of  the  cones  and  the 
thickness  of  the  dielectric  spacer  layer.  Excellent  agreement  between  the  library  data  and  the 
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experimental  data  was  obtained  (Figure  S2,  supporting  information).  The  extracted  dielectric  spacer 
thickness  was  15  nm  for  the  sputtered  arrays  and  18  nm  for  the  evaporated  arrays.  For  the  evaporated 
array,  the  extracted  base  of  the  cone  was  95  nm  and  the  cone  height  was  100  nm,  resulting  in  a  sidewall 
slope  angle  of  85°.  For  the  sputtered  array,  the  extracted  base  of  the  cone  was  115  nm  and  the  cone 
height  90  nm,  leading  to  a  sidewall  slope  angle  of  77°.  Such  subtle  changes  in  dimensions  would  be 
difficult  to  determine  from  electron  micrograph  inspection  of 


Figure  3.  Moreover,  the  optical  measurements  average  structure  dimensions  over  the  ellipsometer  spot 
size  of  «0.5  mm,  corresponding  to  >10  periods.  Such  spatial  averaging  would  not  be  possible  with 
SEM  imaging. 
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Figure  4.  Normal  incidence  reflectance  spectra  from  the  sputtered  array  (dotted  red  line)  and 
evaporated  array  (slolid  blue  line). 


In  order  to  assess  the  quality  of  plasmonics  resonances  and  fully  interpret  the  band  structure,  a  more 
complete  optical  characterization  is  required  in  addition  to  normal  incidence  reflectance.  For  a 
broadband,  broad-angle  polarization-dependent  analysis  of  the  plasmonic  resonances,  we  performed 
spectroscopic  ellipsometry  measurements  of  the  two  arrays  (see  Methods).  The  irradiation  geometry  and 
the  angle  of  incidence  for  s-  and  p-polarizations  are  shown  in  Figure  5. 

(a)  (b) 

k 


Figure  5.  Geometry  of  the  incident  irradiation  of  the  nanoplasmonic  array.  A.  S-polarization.  B.  P- 

polarization. 
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Figure  6.  Normal-incidence  reflectance,  llJ ellipsomctric  parameter  and  cos(A)  ellipsometric  paramater 
for  sputtered  samples  (A,  B,  C,  respectively)  and  evaporated  samples  (D,  E  and  F,  respectively). 
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Figure  6  compares  previously-shown  reflectance  data  for  the  sputtered  and  evaporated  arrays  ( 
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4*  Term 


cos  A  Term 


Figure  6A  and  D,  respectively)  with  the  spectroscopic  ellipsometry  data  for  the  same  arrays  ( 


Figure  6B,  C  for  sputtered  and  E,  F  for  the  evaporated).  The  ellipsometric  parameter  IP  represents  the 
ratio  of  complex  reflectances  rs  and  rp  at  two  polarizations  and  A  represents  the  phase  between  these  two 
reflectances, 
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The  data  in 


(1) 


Figure  6B  and  E  are  a  representation  of  the  plasmonic  band  diagram,  as  mapped  out  by  spectroscopic 
ellipsometry.  The  wavelength  vs.  angle-of-incidence  (AOI)  map  could  have  been  re-cast  as  the  more 


conventional  a>  vs.  k  diagram,  but  due  to  the  unifonn  point  density  along  the  angle-of-incidence  axis,  the 
representation  in 
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Figure  6  is  more  appropriate.  In  equation  (1),  when  the  condition  for  the  ^-resonance  is  met,  the 


magnitude  of  the  right-hand  side  becomes  large  as  W tends  to  90°.  Thus,  bright  red  colors  in 


Figure  6B  and  E  represent  .v-resonances.  Analogously,  dark  blue  colors  in 
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Figure  6B 


and  E  represent  p-resonances.  As  observed  by  others, 


the  location  of  these  plasmonic 


resonances  is  accompanied  by  a  sharp  change  in  phase  ( 
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Figure  6  C  and  F).48 
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90 


Wavelength  (nm) 

Figure  7.  Ellipsometric  'F  parameter  vs.  wavelength  for  45  degree  incident  angle  for  evaporated  (dashed 
blue)  and  sputtered  (solid  red)  samples 

From  the  correspondence  to  the  normal  incidence  reflectance  data,  the  angle-independent  modes  at 
620  nm  for  the  sputtered  sample  and  500  nm  for  the  evaporated  sample  are  identified  with  the  primary 
LSP  resonance  modes.  These  excitations  can  be  recognized  as  a  magnetic  dipole  resonance,  which 
arises  from  the  coupling  between  the  bottom  of  the  plasmonic  pillar  and  the  top  of  the  metal  underlayer 
to  form  a  localized  current  loop.49  The  electric  field  distribution  for  these  localized  modes  is  strongly 
confined  at  the  lower  edge  of  the  aluminum  cones  and  thus  is  highly  sensitive  to  material  losses. 
Comparing  the  width  of  this  LSP  resonance  between  the  two  samples,  we  observe  a  much  sharper 
resonance  in  the  sputtered  sample.  This  difference  is  highlighted  by  examining  the  IP  parameter  as  a 
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function  of  wavelength  for  a  45°  angle  of  incidence  ( 


Wavelength  (nm) 

Figure  7).  The  narrower  plasmonic  linewidth  of  the  LSP  resonance  for  the  sputtered  sample  can  be 
due  to  at  least  two  reasons.  First,  since  the  position  of  plasmonic  resonance  is  sensitive  to  cone 
dimensions,  better  uniformity  of  the  sputtered  A1  plasmonic  cones  ( 
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Figure  3  B  vs.  C)  can  lead  to  narrower  linewidths.  Second,  higher  quality  sputtered  aluminum  leads  to 
a  higher  quality  factor  of  the  resonance,  resulting  in  a  sharper  peak. 

It  is  instructive  to  note  that,  although  oblique  angle-of-incidence  data  show  a  substantial  difference 
between  the  widths  of  the  plasmonic  resonance  ( 
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Figure  6  B  vs.  E),  the  normal-incidence  data  for  the  two  arrays  show  comparable  linewidths  ( 
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Figure  6A  vs.  D).  The  difference  between  the  normal-incidence  and  the  oblique-incidence  data  is 
investigated  by  examination  of  near-field  profiles  for  0  vs.  45  degrees  angle  of  incidence  at  620  nrn  ( 


(a)  (b) 


Microns  Microns 


Figure  8).  At  45  degree  AOI,  the  electric  field  intensity  is  highly  localized  at  the  edge  of  the 

(a)  (b) 


nanocones  (  Microns  Microns 

Figure  8A),  whereas  at  the  normal  incidence,  the  interaction  with  the  aluminum  underlayer  is 

(a)  (b) 


considerably  greater  (  Microns  Microns 

Figure  8B).  Since  for  both  our  structures  the  aluminum  underlayer  is  prepared  from  unoptimized 
aluminum,  resonance  broadening  at  0°  over  45°  incidence  angle  can  be  expected  due  to  larger  scattering 
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from  the  aluminum  underlayer.4  Thus,  the  oblique  angle-of-incidence  data  represent  a  more  accurate 
assessment  of  the  plasmonic  resonance  quality  in  the  nanocones. 


(a)  (b) 


Microns  Microns 


Figure  8.  Cross-section  field  profiles  for  the  sputtered  aluminum  sample  at  45°  incident  angle  (A)  and  0° 
incident  angle  (B)  at  620  mn. 

Identification  of  the  rest  of  the  modes  on  the  plasmonic  band  diagram  of 
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Figure  6  is  complicated  by  the  cone  taper  in  the  structure  and  the  strong  coupling  between  various 
modes.  However,  from  the  dimensional  extraction  with  ellipsometric  scatterometry  described  above, 
plasmonic  mode  identification  could  be  verified  with  full-field  numerical  simulations.  By  inspecting  the 
appropriate  field  profiles,  we  can  assign  these  modes  as  follows.  The  intense  p-polarized  band  observed 
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around  470  nm  at  high  angles  and  shifting  to  lower  wavelength  for  lower  angles  is  caused  by  the  vertical 
resonance  within  the  nanocones.  The  /^-polarized  resonance  around  350  nm  in  the  sputtered  sample  and 
at  320  nm  in  the  evaporated  sample  is  due  to  the  higher-order  (quadrupolar)  resonance  localized  at  the 
bottom  of  the  structure.  The  reflectance  curves  (Figure  4)  do  not  show  sharp  resonances  between  300 
and  500  nm,  but  a  broader  depression  in  reflection  suggests  broadened  overlapping  resonances  in  that 


region.  The  strong  p-band  observed  between  250  and  300  nm  ( 
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Figure  6B)  results 
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mode  (see  discussion  below 
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Figure  10).  Additional  bands  observed  below  250  mn  both  in  reflectance  and  in  ellipsometric  data 
involve  coupling  with  various  SPP  bands,  as  predicted  by  plasmon  dispersion  curves  (Supporting 
information,  Figure  S3). 

As  a  final  part  of  the  study,  we  have  extracted  the  depolarization  parameter  from  the  ellipsometric 
data  acquired  along  the  high  symmetry  directions.  For  isotropic  samples,  depolarization  can  be 
described  as  a  mixture  of  a  non-depolarizing  matrix  and  an  ideal  depolarizer.  The  degree  of  polarization, 
p,  is  extracted  from  the  isotropic  ellipsometry  parameters,  N,  C  and  S, 50  where: 

p  =  Jn2+C2  +  S2  (2) 


In  the  above,  N=  cos  (2  W),  S  =  sin(2  'F)sin(A),  and  C  =  sin(2  'F)cos(A),  where  IP and  A  are  the  traditional 
ellipsometry  angles.  The  %  depolarization  is  then  defined  as 

%depol  =  100x(l-p2)  (3) 


In  our  case,  the  high  symmetry  array  directions  were  identified  by  performing  azimuthal  in-plane 
scans  and  identifying  the  angles  where  the  off-diagonal  Mueller  matrix  elements  were  minimized  (see 
Methods). 


(a)  (b) 
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Figure  9.  Ellipsometrically  acquired  spectral  depolarization  map  for  the  sputtered  sample  (A)  and 
evaporated  sample  (B). 


The  highest  depolarization  for  either  sample  ( 


Figure  9)  occurs  at  the  spectral  position  of  the  main  plasmonic  resonances  (see 
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Figure  6),  where  depolarization  for  both  samples  reaches  nearly  70%.  By  contrast,  no  depolarization 
is  observed  in  the  spectral  regions  away  from  plasmonic  resonances.  The  spectral  bandwidth  of 
maximum  depolarization  for  the  evaporated  sample  ( 

Figure  9B)  is  much  broader  than  that  of  the  sputtered  sample. 

Previous  work  on  diffractively  coupled  plasmonic  dimer  arrays  similarly  measured  the  spectral 
regions  of  maximum  depolarization  utilizing  spectroscopic  ellipsometry.51  That  work  demonstrated  that 
maximum  depolarization  occurred  in  the  regions  of  the  maximum  electric  field  enhancement.  The 
authors  postulated  that  depolarization  arose  due  to  the  finite  detector  size  which  was  able  to  capture  a 
finite  range  of  diffracted  wavevectors,  each  characterized  by  a  well-defined  polarization  state.  In  the 
vicinity  of  the  plasmonic  resonances,  the  higher  spatial  near-field  localization  directly  translated  to  the 
increased  depolarization  in  the  far  field  due  to  the  larger  angular  spread  of  the  wavevectors. 
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In  this  work,  we  further  suggest  that  the  narrow  spectral  bandwidth  of  the  depolarization  for  the 
sputtered  sample  arises  from  the  higher  resonance  quality  of  that  sample.  By  comparison,  the  broader 
spectral  bandwidth  of  the  depolarization  for  the  evaporated  sample  arises  from  the  broader  spectral 
width  of  that  resonance  ( 


Figure  6E). 

It  is  also  interesting  to  observe  a  second,  high  depolarization  region  occurring  in  both  samples  at 
higher  angles  of  incidence  between  250  and  300  nm.  Near-field  and  the  charge  density  simulations  for 
this  mode  suggest  strong  field  localization  at  the  bottom  of  the  structure,  with  additional  coupling  across 
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the  dielectric  gap  into  an  SPP  mode  in  the  underlying  metal  (See 


Figure  10  A  and  B).  Once  again,  we  suggest  that  the  strong  field  localization  is  observed  in  the  far- 


field  as  an  increase  in  the  depolarization  parameter. 


Microns  Microns 


Figure  10  Cross-sectional  field  profile  (A)  and  charge  density  (B)  for  the  sputtered  sample,  calculated 
from  full-field  simulations  at  65°  angle  of  incidence.  The  upper-right  inset  on  each  plot  shows  the 
geometry  of  the  incident  ^-vector  and  the  electric  field. 


CONCLUSIONS 

We  have  developed  a  robust,  wafer-scale  fabrication  method  for  aluminum  nanoplasmonic  structures 
for  ultraviolet  and  visible  applications.  Two  sets  of  structures,  utilizing  conventional  evaporated 
aluminum  and  improved  high-temperature-sputtered-and-polished  aluminum,  were  fabricated  and 
characterized  utilizing  spectroscopic  ellipsometry.  The  differences  in  thin  film  processing  lead  to 
different  grain  structures  and  slightly  different  nanostructures  dimensions.  Although  these  differences 
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appear  to  be  small  as  observed  by  conventional  scanning  electron  beam  imaging,  they  nevertheless  have 
a  profound  effect  on  the  near-field  and  far-field  optical  behavior  of  plasmonic  resonators.  Significantly 
higher  quality  resonances  were  demonstrated  for  the  nanostructures  fabricated  using  the  improved 
aluminum  deposition  process.  Furthermore,  depolarization  data  obtained  with  spectroscopic 
ellipsometry  suggests  that  structures  fabricated  in  the  improved  aluminum  exhibit  better  near-field 
spatial  localization  when  compared  with  evaporated  aluminum  films.  This  fabrication  demonstration 
provides  a  robust  platfonn  for  CMOS-compatible,  wafer-scale  plasmonic  devices  that  enable  a  range  of 
efficient  sensing  and  light-harvesting  applications  in  the  ultraviolet-to-visible  wavelength  range. 

METHODS 

Simulations 

For  dimensional  extractions  utilizing  the  ellipsometric  scatterometry  method,  Rigorously  Coupled 
Wave  Analysis  software  Unigit  was  used  (see  supporting  information).52  For  full-field  electromagnetic 
simulations,  Finite  Difference  Time  Domain  Method  software  FDTD  Solutions  from  Lumerical 

C'J 

Corporation  was  used.  ^ 

Spectroscopic  ellipsometry  measurements 

The  data  were  acquired  using  a  dual-rotating  compensator  ellipsometer  (J.A.  Woollam  RC2®)  over 
the  wavelength  range  from  193  to  1690  mn  at  angles  of  incidence  between  20°  and  75°  in  steps  of  5°. 
The  sample  was  mounted  on  an  automated  rotation  stage  and  data  was  acquired  for  azimuthal 
orientations  between  0°  and  360°  in  increments  of  7.5°.  Focusing  probes  were  used  to  reduce  the  beam 
diameter  at  the  measurement  spot  to  approximately  250  pm.  The  entire  4x4  Mueller  matrix  data 
nonnalized  by  the  element  Mu  were  obtained  at  the  above  experimental  conditions.  For  the  analysis  in 
this  paper,  only  the  data  along  the  high-symmetry  directions  are  presented. 

Fabrication  of  nanopillar  arrays 

To  fabricate  both  samples,  8”  diameter  (100)  silicon  was  used  as  the  starting  substrate.  The  first  layer 
in  both  samples  was  200  mn  thick  aluminum  deposited  using  DC  magnetron  sputtering  in  an  argon- 
hydrogen  environment.  The  deposition  power  was  1  kW,  the  Ar  flow  rate  was  10  seem,  and  the 
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90%:  10%  Ar:H  flow  rate  was  15  seem.  There  was  no  active  control  of  the  substrate  temperature,  and 
the  film  thickness  was  verified  using  spreading  sheet  resistance.  The  second  layer  in  both  samples  was 
20  mn  thick  aluminum  oxide  deposited  using  atomic  layer  deposition.  For  both  samples,  the  oxide  was 
thermally  deposited  at  300°C  using  trimethylaluminum  and  deionized  water.  The  film  thickness  was 
verified  using  spectroscopic  ellipsometry. 

The  third  layer  was  the  only  layer  that  was  different  between  the  two  samples.  The  first  sample  had  a 
500  mn  thick  aluminum  film  deposited  on  the  aluminum  oxide  layer  using  DC  magnetron  sputtering  in 
an  argon  environment.  The  deposition  power  was  2  kW,  the  Ar  flow  rate  was  50  seem,  and  the  chamber 
pressure  was  6  mTorr.  The  substrate  was  kept  at  350°C  during  deposition,  and  the  film  thickness  was 
verified  using  spreading  sheet  resistance.  This  was  followed  by  a  chemical  mechanical  polishing 
(CMP)  step  to  thin  the  aluminum  to  «130  mn.  The  combination  of  high  deposition  temperature  and 
CMP  was  used  to  produce  an  aluminum  film  with  both  large  grain  size  and  low  surface  roughness.4  The 
second  sample  had  a  «130  mn  thick  aluminum  film  deposited  on  the  aluminum  oxide  layer  using 
electron  beam  evaporation  with  no  active  control  of  the  substrate  temperature  at  a  base  pressure  of 
9.5xl0'9  Torr  and  a  deposition  rate  of  0.5  A/s. 

The  fourth  layer  in  both  samples  was  20  mn  thick  titanium  nitride  deposited  using  DC  magnetron 
sputtering  in  an  argon-nitrogen  environment.  The  deposition  power  was  12  kW,  the  Ar  flow  rate  was  20 
seem,  and  the  N2  flow  rate  was  70  seem.  The  substrate  was  kept  at  150°C  during  deposition,  and  the 
film  thickness  was  verified  using  spreading  sheet  resistance. 

Both  samples  were  then  patterned  using  electron  beam  lithography  at  100  kV  accelerating  voltage. 
Hexamethyldisilazane  (HMDS)  was  first  used  to  pre-treat  the  surface  of  the  samples  before  spin  coating 
with  hydrogen  silsesquioxane  (HSQ)  resist.54  HSQ  is  a  spin-on  glass,  with  excellent  etch  resistance  and 
resolution,  that  has  been  used  extensively  in  electron  beam  lithography  over  the  past  two  decades.  A  3 
mm  x  3  mm  area  was  patterned  with  a  square  array  of  circles,  which  was  written  with  a  250  mn  pitch 
and  a  70  mn  diameter.  The  resist  was  exposed  with  a  dose  of  3200  pC/cm  ,  and  was  developed  for  120 
seconds  at  room  temperature  in  MF-26A  (Rohm  and  Haas  Electronic  Materials),  which  is  an  ammonium 
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hydroxide-based  developer.  Finally,  samples  were  plasma  etched  using  a  1200  W  plasma  with  a  145  W 
bias  and  a  12  mTorr  chamber  pressure.  The  flow  rates  for  the  chlorine,  boron  trichloride,  nitrogen,  and 
argon  were  100,  40,  20  and  100  seem,  respectively.  In-situ  end-point  detection  was  used  to  stop  each 
etch  once  the  top  aluminum  layer  was  removed. 

Finally,  we  should  note  that  the  20  mn  thick  titanium  nitride  layer  was  not  added  for  any  optical 
purpose.  This  layer  served  as  a  protective  coating  between  the  underlying  aluminum  and  the 
ammonium  hydroxide  used  to  develop  the  HSQ  resist.  Samples  fabricated  without  this  layer  were 
destroyed  during  the  resist  development  step. 
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